Periostin was originally isolated as a osteoblast-speci®c factor that functions as a cell adhesion molecule for preosteoblasts and is thought to be involved in osteoblast recruitment, attachment and spreading. Additionally, periostin expression has previously been shown to be signi®cantly increased by both transforming growth factor beta-1(TGFb1) and bone morphogenetic protein (BMP)-2. Likewise the endocardial cushions that form within embryonic heart tube (embryonic day (E)10±13) are formed by the recruitment, attachment and spreading of endocardial cells into the overlying extracellular matrix, in response to secreted growth factors of the TGFb and BMP families. In order to determine whether periostin is similarly involved in heart morphogenesis, in situ hybridization and reverse transcription±polymerase chain reaction were used to detect periostin mRNA expression in the developing mouse heart. We show for the ®rst time that periostin mRNA is expressed in the developing mouse embryonic and fetal heart, and that it is localized to the endocardial cushions that ultimately divide the primitive heart tube into a four-chambered heart. q
Results and discussion
Periostin (formally called osteoblast-speci®c factor 2) was originally identi®ed as a secreted factor in a screen of a mouse osteoblastic library, and is thought to function in bone adhesion, based on its sequence similarity to the insect adhesion protein fasciclin-1 (Takeshita et al., 1993; Sugiura et al., 1995) and because it is expressed in specialized connective tissues that form and support mineralized tissue (Horiuchi et al., 1999) . Western blot analysis showed that periostin is a disul®de-linked 90 kDa protein that is upregulated by transforming growth factor beta-1 (TGFb1) in primary osteoblasts (Horiuchi et al., 1999) . Additionally, when murine undifferentiated mesenchymal cells are treated with bone morphogenetic protein-2 (BMP-2), a well-characterized inducer of mesenchymal cell differentiation, periostin expression was upregulated coincident with both osteoblastic and adipocytic differentiation (Ji et al., 2000) .
Signi®cantly, periostin was also identi®ed in another screen comparing altered patterns of gene expression in response to myocardial infarction and was found to be elevated and coclustered with several isoforms of collagen, laminin and ®bronectin within the adult rat ventricle (Stanton et al., 2000) . This result suggests that periostin is present within the adult myocardium and that periostin may play a role in extracellular matrix deposition, ®brosis and tissue remodeling following myocardial infarction (Stanton et al., 2000) . Additionally, when the gene expression pro®le of mRNAs from both isolated embryonic day (E) 10.5 mouse hearts and whole embryos was subjected to microarray analysis, we detected a signi®cant enrichment of periostin mRNA within the embryonic heart (in addition to 156 other known genes and 275 ESTs, some of which have not been thought to be expressed within the embryonic heart; see Table 1 ). Thus, given its potential role within the adult heart, the detection by microarray and the fact that periostin expression is responsive to the developmentally important BMP and TGFb growth factors, we decided to determine where and when periostin is expressed within the embryonic, fetal and adult hearts.
Analysis by semi-quantitative reverse transcription±poly- (Fig. 1) indicates that periostin mRNA can initially be detected within the E10.5 isolated embryonic mouse heart (at low levels) and continues to be strongly expressed throughout cardiovascular development and in the adult heart (albeit at somewhat reduced levels), using the PCR conditions described. In order to determine where within the developing heart periostin mRNA was localized, we used in situ hybridization (Figs. 2 and 3). Periostin mRNA signal was observed in the decidualized maternal endometrial stromal cells surround- .5, 11.5, 12.0, 14.0, 15.5, 17.0) , newborn (Nb) and adult (Ad) mice. The 574 bp periostin cDNA fragment is present at all ages examined; however, the level of expression is diminished within both the E10.5 and adult mouse heart samples (®rst and last lanes) when compared to the other samples. (Lower) Expression of GAPDH is shown as a control for cDNA dilution and loading. Each experiment was performed on at least four occasions with a similar result in each case. m, DNA size marker (1 kb Ladder, Gibco-BRL). showing that periostin mRNA is not expressed within the early embryo (emb) or ectoplacental cone (ec; blood cell auto¯uoresce at this magni®cation, £100, but is present within the maternal myometrium (m) and the decidualized endometrial stromal cells (arrowhead). (B,C) Light-®eld (B) and dark-®eld (C), transverse section of E9 mouse embryo (£100). Periostin expression is present in the amnion (arrowheads) and in the vitelline artery (v), which is part of the connection of the embryo to the mother. Note that there is no expression within any other part of the embryo; neural tube (n), out¯ow tract (o), atrioventricular canal (avc) are all negative. (D) Light-®eld sagittal section of the E9.5 heart showing the onset of periostin expression (arrows) in a few cell within the atrioventricular canal £200. Note the strong expression within umbilical vessels (arrowhead), and that the embryonic blood cells in the primitive atrium (a) are negative. (E) Light-®eld sagittal section showing periostin expression within E10.5 heart £100, amnion (arrowheads), umbilical vessels (umb), dorsal root ganglia (drg, arrows) and in the ®rst branchial arch (1 st ). (F) Light-®eld high magni®cation £400 image of the endocardial cushion region, (framed in (E)), illustrating strong periostin expression (arrows) within the endocardial cushions of the conotruncus (cc) and atrioventricular canal (avc). Note that periostin expression is limited to the mesenchymal cushion cells migrating into the cardiac jelly and is not present within either the endocardium (e) or myocardium (myo). Also note that periostin mRNA is present within the epicardial mesenchyme (epi) overlying the heart. (G) Light-®eld sagittal section of E12 heart showing high levels of periostin expression in the conotruncal and atrioventricular cushions, as they have become completely cellularized. Note the expression in the mesenchyme surrounding the aortic arch (aa) and pulmonary trunk (pt) £200. fb, forebrain; mb, midbrain; hb, hindbrain; as, aortic sac; vt, primitive ventricle; hepa, hepatic primordium; bw, body wall overlying the pericardial cavity.
ing the implanted E7 embryo, but was not present within the embryo proper ( Fig. 2A) . Periostin mRNA expression was ®rst detected in the amnion and within the vitelline artery of the E9 embryo proper (Fig. 2B,C) , but was absent within the early heart. Weak expression, within a few individual cells within the E9.5 atrioventricular cushions could be detected by in situ hybridization (Fig. 2D) . However, strong periostin expression is present within the E10.5 heart (Fig. 2E,F) , particularly within the enlarging out¯ow tract and atrioventricular endocardial cushions, which are required for the septation and remodeling of the tubular heart.
Endocardial cushions are the precursors of the cardiac valves and form by a process of epithelial±mesenchymal transformation; however, the mechanism as to how the cushions cells eventually become valves is currently unknown. Secreted growth factors from the mouse myocardium (BMP-2 and -4; and particularly transforming growth factors TGFb2 and b3 in the chick, Boyer et al., 1999) induce endocardial cells (expressing TGFb1 and Msx1) to transform into mesenchyme and invade the overlying extracellular matrix (reviewed by Mjaatvedt et al., 1999; Nakajima et al., 2000) . Periostin mRNA expression is present within the E10.5 and E12 cushion mesenchyme, following epithelial±mesenchymal transformation, and is not present (A) Dark-®eld sagittal section through the E14 heart showing strong periostin expression within the tricuspid valve (tv), pulmonary valve lea¯et (pv) and surrounding the aorta (ao), at the level where the ductus arteriosus meets aorta £100. Also note the widespread expression throughout the rest of the fetus. (B) Light-®eld transverse section through the E14 heart showing strong periostin expression in the lea¯ets of the pulmonary valve and weaker expression in the wall of the aorta £100. (C) Light-®eld, transverse section of E14 heart £100, showing strong periostin expression within tricuspid and mitral (mv) valves, indicted by arrows. Weaker, punctate expression is also visible throughout the myocardium in the atria and ventricles. (D) Light-®eld, low power £40 transverse section of E17 mouse fetus, at the level of the cardiac valves and right (rt) and left (lt) thymic lobes. (E,F) Light-®eld (E) and dark-®eld (F) higher magni®cation £100 images of the heart in (D). Note the strong periostin expression within the tricuspid valve and the weaker periostin throughout the myocardium (indicated by asterisk). (G) Dark-®eld image of the strong periostin expression within the periosteum of the ribs (r) primordium. Note that the expression levels in the tricuspid valve (in E,F) and in the rib primordium are similar. (H,I) Low power £40 light-(H) and dark-®eld (I) images of the adult heart, sagittally sectioned through the aorta (ao) and heart valves. Note the periostin expression within the wall of the aorta (indicated by arrow in (I)) and the expression in the mitral valve (mv). (J,K) Higher power £100 light-(J) and dark-®eld (K) images of the adult aortic valve (av), illustrating the continued expression of periostin mRNA within the adult heart and the weaker periostin expression throughout the myocardium (indicated by asterisk). la, left atrium; ra, right atrium; lv, left ventricle; rv, right ventricle; lun, lung; liv, liver; in, primordium of the right lower incisor.
within either the inducing myocardial cells or within the responding endocardial cells (Fig. 2F,G) . These sites of expression within the developing heart indicate that periostin is a robust marker of mesenchymal cells that have undergone epithelial±mesenchymal transformation. Additionally, periostin mRNA expression is also transiently detected within the early epicardial mesenchyme of the mouse embryonic heart (Fig. 2F) .
Periostin mRNA continues to be strongly expressed as the endocardial cushions undergo proliferation, differentiation, fusion and remodeling to give rise to the aortic and pulmonary semilunar valves of the out¯ow tract and the mitral and tricuspid valves of the atrioventricular canal (Fig. 3A±C) . Periostin expression is maintained within the fetal (Fig. 3D±F ) and adult valves (Fig. 3H±K) , and the levels of expression within the fetal heart are comparable to that found within the mesenchymatous condensations of the periosteum of the E17 rib primordium (Fig. 3G) . Additionally, punctate periostin mRNA expression could be localized throughout the fetal and adult myocardium (Fig.  3) , con®rming the microarray results reported by Stanton et al. (2000) on rat myocardial infarction and remodeling of the adult ventricle.
In conclusion, these results have shown that periostin is expressed in the developing mouse heart at sites that divide the primitive heart tube into a four-chambered heart, and that periostin is a useful marker of mesenchymal cells that have undergone epithelial±mesenchymal transformation within the developing heart. Additionally, periostin expression remains within the valves of the adult throughout the lifetime of the beating heart.
Materials and methods

Gene expression pro®ling
Duplicate mRNAs were isolated from E10.5 mouse hearts and whole embryos, labeled with Cy3 and Cy5 dCTP and hybridized to the Mouse GEM 1 microarray (Incyte Genomics Inc.). Database of differential expression values (expressed as ratio of intensities from the two¯ur-ophores) of heart-enriched clones was generated following screening of 8734 sequences (see Table 1 , which illustrates 16 of the most signi®cantly heart-enriched clones).
Isolation of mouse periostin cDNA
Periostin probe was generated by PCR ampli®cation, using primers based on Genbank sequence W81878. Using the 5 H (GGC TGA AGA TGG TTC CTC TC) and 3 H primers (TTG ACA TTG AGG AAT AAC CA), a 574 bp band was generated, cloned into the pCRII-TOPO vector (Invitrogen), sequenced and 525 bp showed a 99% similarity to the original published sequence (Takeshita et al., 1993) .
RT±PCR reactions
Isolated mouse E10.5±17, newborn and adult hearts were dissected, RNA isolated and RT±PCR carried out as previously described (Conway et al., 1997; Conway, 1999) . PCR ampli®cation was performed for 22 cycles (housekeeping gene GAPDH) and 30 cycles (periostin), such that products were still within linear range, and analyzed on a 1% agarose gel.
In situ hybridization
Both sense and anti-sense [ 35 S]UTP-radiolabeled cDNA probes were transcribed from the entire 574 bp periostin fragment. In situ hybridization was carried out on both sagittal and transverse sections of at least 6±8 normal mouse embryos at E7±17 (slides were exposed for 9 days) and sections of three adult mice hearts (slides were exposed for 11 days) using the techniques described previously (Conway, 1996) . Additional exposure times did not alter the patterns of expression. Speci®c signal was only observed when sections were hybridized with the anti-sense probe and there was no non-speci®c signal when hybridized with the sense probe (data not shown).
